The nutrient-sensitive kinase mammalian target of rapamycin (mTOR) and its downstream target S6 kinase (S6K) are involved in amino acid-induced insulin resistance. Whether the mTOR/S6K pathway directly modulates glucose metabolism in humans is unknown. We studied 11 healthy men (29 years old, BMI 23 kg/m 2 ) twice in random order after oral administration of 6 mg rapamycin, a specific mTOR inhibitor, or placebo. An amino acid mixture was infused to activate mTOR, and somatostatin-insulin-glucose clamps created conditions of low peripheral hyperinsulinemia (ϳ100 pmol/l, 0 -180 min) and prandial-like peripheral hyperinsulinemia (ϳ450 pmol/l, 180 -360 min). Glucose turnover was assessed using D-[6,6-2 H 2 ]glucose infusion (n ‫؍‬ 8). Skeletal muscle biopsies were performed at baseline and during prandial-like peripheral hyperinsulinemia (n ‫؍‬ 3). At low peripheral hyperinsulinemia, whole-body glucose uptake was not affected by rapamycin. During prandial-like peripheral hyperinsulinemia, rapamycin increased glucose uptake compared with placebo by 17% (R dԽ300 -360 min , 75 ؎ 5 vs. 64 ؎ 5 mol ⅐ kg ؊1 ⅐ min ؊1 , P ‫؍‬ 0.0008). Rapamycin affected endogenous glucose production neither at baseline nor during low or prandial-like peripheral hyperinsulinemia. Combined hyperaminoacidemia and prandial-like hyperinsulinemia increased S6K phosphorylation and inhibitory insulin receptor substrate-1 (IRS-1) phosphorylation at Ser312 and Ser636 in the placebo group. Rapamycin partially inhibited this increase in mTOR-mediated S6K phosphorylation and IRS-1 Ser312 and Ser636 phosphorylation. In conclusion, rapamycin stimulates insulin-mediated glucose uptake in man under conditions known to activate the mTOR/S6K pathway. Diabetes 56:1600-1607, 2007 T ype 2 diabetes is closely linked to obesity and insulin resistance (1-3). In addition to polygenic predisposition, environmental factors including quality and quantity of food supply, dietary behavior, and physical activity are of major importance for the development of type 2 diabetes (4,5). The availability of nutrients plays a pivotal role in the modulation of insulin action (6,7). In industrialized countries, nutrient excess comprises high intake of not only fat but also proteins (8). A chronic excess in protein intake is associated with insulin resistance, glucose intolerance, and type 2 diabetes (9 -12). We have shown that a short-term rise in plasma free fatty acids (FFAs) (13-15) or amino acids (16 -18) leads to decreased insulin-stimulated whole-body glucose disposal, which is preceded by an impaired rise in intramuscular glucose-6-phosphate concentrations and followed by reduction in rates of glycogen synthesis. These findings indicate that both FFAs and amino acids directly inhibit skeletal muscle glucose transport/phosphorylation (17).
The nutrient-sensitive kinase mammalian target of rapamycin (mTOR) and its downstream target S6 kinase (S6K) are involved in amino acid-induced insulin resistance. Whether the mTOR/S6K pathway directly modulates glucose metabolism in humans is unknown. We studied 11 healthy men (29 years old, BMI 23 kg/m 2 ) twice in random order after oral administration of 6 mg rapamycin, a specific mTOR inhibitor, or placebo. An amino acid mixture was infused to activate mTOR, and somatostatin-insulin-glucose clamps created conditions of low peripheral hyperinsulinemia (ϳ100 pmol/l, 0 -180 min) and prandial-like peripheral hyperinsulinemia (ϳ450 pmol/l, 180 -360 min). Glucose turnover was assessed using D-[6,6-2 H 2 ]glucose infusion (n ‫؍‬ 8). Skeletal muscle biopsies were performed at baseline and during prandial-like peripheral hyperinsulinemia (n ‫؍‬ 3). At low peripheral hyperinsulinemia, whole-body glucose uptake was not affected by rapamycin. During prandial-like peripheral hyperinsulinemia, rapamycin increased glucose uptake compared with placebo by 17% (R dԽ300 -360 min , 75 ؎ 5 vs. 64 ؎ 5 mol ⅐ kg ؊1 ⅐ min ؊1 , P ‫؍‬ 0.0008). Rapamycin affected endogenous glucose production neither at baseline nor during low or prandial-like peripheral hyperinsulinemia. Combined hyperaminoacidemia and prandial-like hyperinsulinemia increased S6K phosphorylation and inhibitory insulin receptor substrate-1 (IRS-1) phosphorylation at Ser312 and Ser636 in the placebo group. Rapamycin partially inhibited this increase in mTOR-mediated S6K phosphorylation and IRS-1 Ser312 and Ser636 phosphorylation. In conclusion, rapamycin stimulates insulin-mediated glucose uptake in man under conditions known to activate the mTOR/S6K pathway. Diabetes 56:1600-1607, 2007 T ype 2 diabetes is closely linked to obesity and insulin resistance (1) (2) (3) . In addition to polygenic predisposition, environmental factors including quality and quantity of food supply, dietary behavior, and physical activity are of major importance for the development of type 2 diabetes (4, 5) . The availability of nutrients plays a pivotal role in the modulation of insulin action (6, 7) . In industrialized countries, nutrient excess comprises high intake of not only fat but also proteins (8) . A chronic excess in protein intake is associated with insulin resistance, glucose intolerance, and type 2 diabetes (9 -12) . We have shown that a short-term rise in plasma free fatty acids (FFAs) (13) (14) (15) or amino acids (16 -18) leads to decreased insulin-stimulated whole-body glucose disposal, which is preceded by an impaired rise in intramuscular glucose-6-phosphate concentrations and followed by reduction in rates of glycogen synthesis. These findings indicate that both FFAs and amino acids directly inhibit skeletal muscle glucose transport/phosphorylation (17) .
The mammalian target of rapamycin (mTOR) pathway (19) could be involved in sensing of nutrient availability and modulation of insulin action in vivo. Recent reports indicate that the activity of the mTOR pathway is increased in rodent models of obesity and that mice deficient in S6 kinase (S6K), a downstream effector of mTOR, are protected against diet-induced insulin resistance (20, 21) . Insulin activation of S6K is potentiated by increased amino acid availability, which leads to increased inhibitory serine phosphorylation of IRS-1 and insulin resistance of glucose uptake in muscle cells in vitro (22) . We have shown that combined hyperinsulinemia and hyperaminoacidemia 1) results in overactivation of S6K, 2) stimulates inhibitory IRS-1 phosphorylation at Ser312 and Ser636, and 3) induces insulin resistance in humans (18) . However, whether these are unrelated responses or whether mTOR/S6K activation is causally linked to skeletal muscle insulin resistance in vivo in humans is unclear.
In addition to impaired insulin-stimulated skeletal muscle glucose uptake (3, 23, 24) , increased endogenous glucose production (EGP) (25) (26) (27) contributes to hyperglycemia in type 2 diabetic patients. Enhanced EGP by stimulation of hepatic gluconeogenesis has been observed in response to elevated plasma amino acid concentrations (28, 29) . Recently, it has been shown that the mTOR/S6K pathway is activated not only in skeletal muscle and adipose tissue but also in the liver of fat-fed obese rats (21) . However, so far it is not known whether the mTOR pathway plays a role in the modulation of hepatic glucose metabolism in humans.
This study was therefore designed to determine whether a causal link exists between nutrient-dependent mTOR activation and modulation of glucose metabolism in man. To this end, the effects of rapamycin, a very specific inhibitor of mTOR (30) , on rates of EGP and glucose disappearance (R d ) at baseline and under conditions known to activate mTOR in humans were measured.
RESEARCH DESIGN AND METHODS
Eleven healthy male volunteers (age, 28.3 Ϯ 1.4 years; BMI, 22.8 Ϯ 0.7 kg/m 2 ; body wt, 75.3 Ϯ 2.8 kg) without family history of diabetes or dyslipidemia were studied. They were neither suffering from conditions related to insulin resistance nor taking any medication. None of the study participants were on intensive exercise training, and they stopped regular moderate exercising at least 3 days before the experiments to exclude its acute metabolic effects. They were instructed to ingest an isocaloric diet (carbohydrate:protein:fat 55%:15%:30%) during the 2 days preceding the studies. Subjects with unusual dietary behaviors like extremely low (vegetarians) or high protein intake were not included. The 2 study days were separated by 2-6 weeks during which their body weight and lifestyle remained unchanged. The protocol was approved by the local ethical board, and informed consent was obtained from all subjects after the nature and possible consequences of the procedures had been explained to them.
To determine the effects of mTOR inhibition, eight participants (age, 29 Ϯ 1.2 years; BMI, 22.8 Ϯ 1.8 kg/m 2 ) were studied twice in random order. On 1 day, rapamycin (Rapamune; Wyeth, Berkshire, United Kingdom; 6 mg p.o.) was administered, and on another day, placebo was ingested at Ϫ120 min. All studies began at 7:30 A.M. (Ϫ150 min) after a 12-h overnight fast, with the insertion of catheters (Vasofix; Braun, Melsungen, Germany) into one antecubital vein of the left and one of the right arm for blood sampling and infusions, respectively. On both days, plasma amino acid concentrations were raised by infusion (0 -360 min) of a mixture of amino acids (0.18 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ) (Aminoplasmal 10% without electrolytes; Braun) that is commonly used for parenteral nutrition (16, 18, 28) . Pancreatic clamps were performed as described previously (13, 16, 18, 28, 31) . Somatostatin (UCB Pharma, Vienna, Austria) was infused (Ϫ5 to 360 min; 0.1 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) to suppress amino acid-induced endogenous secretion of glucoregulatory hormones. From 0 min to 180 min, insulin (Actrapid; Novo Nordisk, Bagsvaerd, Denmark) was continuously replaced at a rate of 0.2 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 , and from 180 to 360 min, a primed-continuous insulin infusion (1 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was administered to create standardized conditions of a two-step (peripheral) hyperinsulinemic clamp (0 -180 min: low peripheral hyperinsulinemia, ϳ100 pmol/l; 180 -360 min: prandial-like peripheral hyperinsulinemia, ϳ450 pmol/l). Plasma glucose was maintained at ϳ5.5 mmol/l using a variable D-glucose infusion (20%). Glucose turnover rates were determined using D- [ (16, 18) . Blood samples for determination of glucoregulatory hormones, enrichments in plasma glucose, FFAs, and amino acids were drawn at defined time points.
Three participants (age, 26.0 Ϯ 0.6 years; BMI, 22.8 Ϯ 1.5 kg/m 2 ) were studied twice in random order after administration of rapamycin or placebo identically as described above, except that no D-[6,6-2 H 2 ]glucose was administered. Instead of measuring glucose turnover, needle biopsies of the vastus lateralis muscle were performed as described previously (18) . Briefly, the subjects were resting supine, and the vastus lateralis muscle was prepared sterilely under subcutaneous lidocaine anesthesia (Xylocain 2%; Astra, Linz, Austria) (32) . At baseline (Ϫ140 min), a muscle sample was obtained using a modified Bergströ m biopsy needle with suction; blotted free of blood, fat, and connective tissue; and snap frozen within 30 s in liquid nitrogen. After 30 min of prandial-like hyperinsulinemia (210 min), a repeat muscle biopsy was taken at a site ϳ4 cm proximal of the first biopsy. All samples were stored in liquid nitrogen until analysis. Isolated rat muscle strips. Male Sprague-Dawley rats were purchased from the breeding facilities of the Medical University of Vienna (Himberg, Austria). They were kept at an artificial 12-h-light/12-h-dark cycle at constant room temperature and provided with conventional laboratory diet and tap water ad libitum. All experiments were performed according to local law and to the principles of good laboratory animal care. Food, but not water, had been withdrawn 3-4 h before 8-to 10-week-old rats were killed by cervical dislocation between 10:00 and 11:00 A.M. Immediately after killing, two longitudinal strips of extensor digitorum longus muscle per leg were prepared, weighed (ϳ25 mg/strip), and tied under tension on stainless steel clips. Four muscle strips were thus available per rat allowing the paired examination of three concentrations of rapamycin (FRAP/mTOR Inhibitor; Cell Signaling, Beverly, MA) along with an intraindividual control.
According to procedures used earlier (33) , muscles were immediately put into coated Erlenmeyer flasks and provided with Cell Culture Medium 199 (pH 7.35, 5.5 mmol/l glucose; Sigma, St. Louis, MO). The medium was supplemented with 0.3% (wt/vol) fatty acid-free BSA, 5 mmol/l HEPES, 300 mol/l palmitate (dissolved in ethanol; final concentration 0.25% [vol/vol]), 25,000 units/l penicillin G, 25 mg/l streptomycin, and 0.2 mg/l ciprofloxacine. Rapamycin was dissolved in methanol and added to achieve the indicated concentrations of 10, 20, and 40 nmol/l as indicated. The final concentration of methanol was always the same as in the respective control experiment (0.1% [vol/vol] ). The flasks were placed into a shaking water bath (37°C; 130 cycles/min) for a pretreatment with rapamycin for 0.5 h (one strip in 3 ml medium per flask). Immediately after pretreatment, muscles were transferred into the identical medium additionally supplemented with a maximally effective concentration of human insulin (100 nmol/l Actrapid; Novo Nordisk). Insulin stimulation lasted 1 h, after which muscles were quickly removed from the flasks, blotted, and frozen in liquid nitrogen. Throughout the whole experiment, an atmosphere of 95% O 2 /5% CO 2 was provided within the flasks. Western blotting. Frozen muscle specimens were crushed into pieces and homogenized with a polytron homogenizer in Weinberg lysis buffer containing 50 mmol/l HEPES, pH 7.0; 0.5% NP-40; 250 mmol/l NaCl; 5 mmol/l EDTA, 5 mmol/l NaF, and protease inhibitors (1 mmol/l sodium orthovanadate, 50 mmol/l ␤-glycerophosphate, 10 mg/l aprotinine, 2 mmol/l benzamidine, 10 mg/l leupeptin, and 1 mmol/l phenylmethylsulfonyl fluoride). Homogenates were centrifuged (3,000g for 15 min), and protein concentration of the supernatants was measured by BCA-protein assay (Pierce, Rockford, IL) using a BSA standard curve. Thirty micrograms protein was diluted with SDS-sample buffer and electrophoresed on an 8% SDS-polyacrylamide gel. Proteins were electrophoretically transferred to nitrocellulose membranes (Schleicher & Schuell, Kassel, Germany). After transfer, nonspecific binding sites were blocked using a blocking reagent from Roche (Mannheim . Thereafter, membranes were washed and developed using Super Signal System (Pierce). Blots were exposed to Kodak XAR-Omat films, and semiquantitative analysis of visualized bands was performed by densitometry (Gel Documentation System; MWG Biotech, Ebersberg, Germany) using Gene Profiler 3.56 for Windows.
To quantify the phosphorylation status of S6K, the different electrophoretic mobilities of the hyperphosphorylated and hypophosphorylated forms of S6K were exploited as described previously (34 -37) . The ratio of the more heavily phosphorylated and thus more slowly migrating forms to the total immune reactivity found in the sample reflects the activity of S6K. The amount of serine-phosphorylated IRS-1 was related to total IRS-1 protein by homologous immunoblotting to minimize effects of variation in loading of the SDS gels. Plasma metabolites and hormones. Plasma glucose concentrations were measured by the glucose oxidase method (Glucose analyzer II; Beckman Instruments, Fullerton, CA). Concentrations of individual plasma amino acid were measured by high-performance liquid chromatography (38) . Plasma FFA concentrations were determined with a microfluorimetric method (Wako Chem USA, Richmond, VA). Plasma immunoreactive insulin (Pharmacia, Uppsala, Sweden), C-peptide (Cis, Gif-Sur-Yvette, France), glucagons (Linco, St. Charles, MO), and growth hormone (Sorin Biomedica, Saluggia, Italy) were measured by commercially available radioimmunoassays (13, 16, 28, 31, 39) . Plasma cortisol was determined by RIA (40) .
Gas chromatography-mass spectrometry for the determination of tracerto-tracee ratios of 2 H in glucose was performed as described previously (16, 28) . The glucose-pentaacetate was analyzed on a Hewlett-Packard 5890 gas chromatograph equipped with a CP-Sil5 25-m ϫ 0.25-mm ϫ 0.12-m capillary column (Chrompack, Middelburg, NL) interfaced to a HewlettPackard 5971A Mass Selective Detector operating in the electron impact ionization mode. Selective ion monitoring was used to determine tracer enrichments in various molecular mass ion fragments of glucose. 6,6-2 H 2 (Mϩ2) enrichments in glucose were assessed using fragments of C3-C6 with their masses of 187 and 189, respectively. Calculations. Rate of glucose appearance (R a ) and R d were calculated using Steele's non-steady-state equations modified for the use of stable isotopes (16,28) with EGP given as the difference between R a and glucose infusion rates (GIRs).
Data analysis and statistics.
Changes of sequential (time-dependent) data within protocols were analyzed by ANOVA for repeated measurements and Dunnetts' post hoc test, and differences between the paired groups were analyzed with the paired Student's t test. Differences were considered significant at P values Ͻ0.05.
RESULTS

Effects of rapamycin on glucose metabolism
Metabolites and hormones. Fasting (Ϫ150 min) plasma glucose (rapamycin, 4.84 Ϯ 0.11 mmol/l; placebo, 4.76 Ϯ 0.10 mmol/l), insulin (rapamycin, 46 Ϯ 6 pmol/l; placebo, 47 Ϯ 5 pmol/l), C-peptide (rapamycin, 1.35 Ϯ 0.11 ng/ml; placebo, 1.49 Ϯ 0.10 ng/ml), FFAs (rapamycin, 417 Ϯ 36 mol/l; placebo, 391 Ϯ 64 mol/l), glucagon (rapamycin, 89 Ϯ 7 ng/l; placebo, 87 Ϯ 7 ng/l), cortisol (rapamycin, 413 Ϯ 17 nmol/l; placebo, 449 Ϯ 32 nmol/l), and growth hormone (rapamycin, 0.23 Ϯ 0.12 g/l; placebo, 0.22 Ϯ 0.11 g/l) were not different between amino acid infusion and control studies (Fig. 1) .
During the clamp tests, plasma glucose remained at baseline and was not different between the studies (Fig.  1A) . Plasma insulin concentrations rose similarly to ϳ100 pmol/l during low-dose insulin replacement and thereafter quickly increased further to ϳ450 pmol/l during high-dose insulin infusion (Fig. 1B) , whereas plasma C-peptide was equally suppressed in both studies (Fig. 1C) . Plasma FFAs and glucagon similarly decreased during the pancreatic clamps without any difference between the two protocols ( Fig. 1D and E) . Plasma cortisol and growth hormone concentrations were also similar between the two protocols ( Fig. 1F and G) .
Fasting plasma amino acid concentrations were comparable in both studies (rapamycin, 2.69 Ϯ 0.06 mmol/l; placebo, 2.53 Ϯ 0.06 mmol/l; Fig. 2 ; Table 1 ). Total plasma amino acid concentrations comparably increased by ϳ2.5-fold during both studies (Fig. 2) with all individual amino acids, except for tyrosine, contributing to this rise in total plasma amino acid (Table 1) .
Rapamycin was detectable only after oral administration of the drug (0 min: rapamycin, 10.8 Ϯ 1.3 nmol/l, placebo, Ͻ2 nmol/l; 360 min: rapamycin, 8.0 Ϯ 1.0 nmol/l, placebo, Ͻ2 nmol/l). Glucose turnover. GIRs required to maintain euglycemia were comparable in the presence of low peripheral hyperinsulinemia (120 -180 min: rapamycin, 14.0 Ϯ 1.8 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 ; placebo, 10.9 Ϯ 3.5 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 ; NS). However, in the presence of prandial-like peripheral hy-
FIG. 1. Metabolites and hormones. Plasma concentrations of glucose (A), insulin (B), C-peptide (C), FFAs (D), glucagon (E), cortisol (F), and growth hormone (HGH) (G) after administration of placebo (E) and rapamycin (F). Data are given as means ؎ SE of eight healthy subjects (error bars smaller than the symbol size are not visible).
mTOR REGULATES GLUCOSE UPTAKE IN HUMANS
perinsulinemia, GIRs were ϳ15% higher after rapamycin administration compared with placebo (300 -360 min: rapamycin, 69.1 Ϯ 4.3 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 ; placebo, 60.1 Ϯ 4.9 mol ⅐ kg Ϫ1 ⅐ min
Ϫ1
; P Ͻ 0.01). Tracer-determined rates of R d were similar between both studies at baseline and in the presence of low peripheral hyperinsulinemia, but in the presence of prandial-like peripheral hyperinsulinemia, R d was ϳ17% higher (P Ͻ 0.001) after ingestion of rapamycin compared with control studies (Fig. 3A) .
EGP was comparable between both studies at baseline (rapamycin, 10.1 Ϯ 0.4 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 ; placebo, 11.0 Ϯ 0.6 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 ) as well as in the presence of low peripheral hyperinsulinemia and prandial-like peripheral hyperinsulinemia (Fig. 3B) .
Effects of rapamycin on S6K phosphorylation and inhibitory serine phosphorylation of IRS-1
To confirm that rapamycin inhibits stimulated mTOR activity, the phosphorylation status of S6K, a downstream target of mTOR, was measured in skeletal muscle. Incubation of rat skeletal muscle with insulin potently in- creased S6K phosphorylation in vitro (ϳ2.4-fold increase over baseline, P Ͻ 0.001). As expected, rapamycin dose dependently inhibited insulin-stimulated S6K phosphorylation. Preincubation of skeletal muscle strips with 10 nmol/l rapamycin decreased insulin-stimulated S6K phosphorylation by ϳ50% (NS), whereas an increase in rapamycin concentration to 40 nmol/l inhibited the effect of insulin on S6K phosphorylation by ϳ70% (P Ͻ 0.01). In the absence of insulin, rapamycin did not affect S6K phosphorylation in explanted rat muscle (data not shown). An approximate fourfold increase in S6K phosphorylation over baseline (P Ͻ 0.01; Fig. 4A ) was observed in biopsies of skeletal muscle of placebo-treated humans obtained during combined prandial-like peripheral hyperinsulinemia and hyperaminoacidemia in placebo studies in vivo. Rapamycin did not affect basal S6K phosphorylation. However, stimulated S6K phosphorylation tended to be lower (P ϭ 0.06) after rapamycin administration (Fig. 4A) .
Because S6K plays a prominent role in mediation of inhibitory serine phosphorylation of IRS-1 (18, 20) , we assessed whether phosphorylation of IRS-1 was affected by treatment with rapamycin using phospho-specific antibodies against Ser312 and Ser636 (equivalent to Ser307 and Ser632 in mice, respectively). In placebo studies, combined prandial-like peripheral hyperinsulinemia and hyperaminoacidemia was associated with a significant increase in the phosphorylation state of IRS-1 on Ser312 (Fig. 4B) and Ser636 (Fig. 4C) . Rapamycin administration did not affect phosphorylation of these sites at baseline. However, partial inhibition of stimulated mTOR/S6K activity by rapamycin was sufficient to block the increase in inhibitory phosphorylation of IRS-1 in response to combined prandial-like peripheral hyperinsulinemia and hyperaminoacidemia ( Fig. 4C and D) .
DISCUSSION
We have recently shown that increased amino acid availability results in overactivation of S6K and inhibitory serine-phosphorylation of IRS-1 as well as reduction of insulin-stimulated glucose metabolism in human skeletal muscle (18) . The present study was performed to distinguish whether these responses are independent consequences of increased amino acid availability or are in causal relationship. The latter has been suggested by in vitro studies, which indicated that the mTOR/S6K pathway could operate a feedback loop toward IRS-1, causing inhibition of phosphatidylinositol 3-kinase and, consequently, muscle glucose uptake (22, 41) .
The mTOR inhibitor rapamycin was the ideal tool to answer the posed question because it is one of the most potent and specific kinase inhibitors known (30) and absorbed rapidly with peak plasma concentrations reached after ϳ60 min (42) .
This study shows that mTOR regulates skeletal muscle glucose uptake in vivo in humans. Rapamycin administration augments insulin-stimulated glucose uptake in the presence of combined hyperaminoacidemia and prandiallike peripheral hyperinsulinemia. In the presence of hyperinsulinemia, the majority of glucose is taken up by skeletal muscle (3) . Therefore, the observed increase in glucose disposal is likely to relate at least in part to a rapamycininduced increase in skeletal muscle glucose uptake. The determination of S6K phosphorylation in biopsies of human skeletal muscle confirmed a marked stimulation of the mTOR/S6K pathway under these conditions (18) . However, at baseline and during combined hyperaminoacidemia and low peripheral hyperinsulinemia, no effect of rapamycin on glucose uptake was observed. This likely indicates that rapamycin affects glucose metabolism only in the presence of pronounced mTOR/S6K activation. This is in line with the observation that rapamycin did not affect S6K phosphorylation and inhibitory IRS-1 phosphorylation under basal (unstimulated) conditions. It has been suggested that nutrient-dependent stimulation of the mTOR/S6K pathway could induce insulin resistance not only in skeletal muscle (18) but also in the liver (21) . However, rapamycin affected EGP in healthy humans neither at baseline nor in the presence of combined hyperaminoacidemia and hyperinsulinemia, indicating no effect on hepatic glucose metabolism.
Some limitations of our study must be considered. First, because of the long half-life of the drug and potential adverse effects, the dose of rapamycin administered to healthy volunteers was not higher than generally recommended for initiation of immunosuppressive therapy after renal transplantation (43) . It turned out that this single oral dose leads to circulating concentrations of rapamycin (ϳ9 nmol/l) that were very likely not sufficient to completely inhibit the mTOR/S6K pathway. Our experiments on explanted rat skeletal muscle suggested that approximate fourfold higher doses of rapamycin are necessary for ϳ70% inhibition of stimulated S6K phosphorylation. Therefore, it appears likely that our results underestimate the contribution of mTOR to the modulation of insulinstimulated glucose uptake. 
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Second, we have studied short-term effects of rapamycin on glucose metabolism. Hence, the results are difficult to extrapolate to a clinical setting of chronic immunosuppressive therapy. Rapamycin (also known as Rapamune or sirolimus) is widely used to prevent graft rejection in transplant recipients (44) . Because rapamycin counteracts the proposed inhibitory effect of mTOR/S6K activation on IRS-1 signaling, it has been suggested that this drug might be effective for the treatment of metabolic disorders including insulin resistance (41). However, a major side effect of rapamycin is hyperlipidemia that could be secondary to inhibition of adipocyte differentiation and inhibition of peroxisome proliferator-activated receptor-␥ activity (45) . Furthermore, rapamycin has deleterious effects on pancreatic islets in vitro (46) . Although both mechanisms could facilitate the development of impaired glucose tolerance and diabetes in humans (14, 47) , loss of mTOR/S6K activity correlates with decreased fat accumulation and protects against diet-induced obesity and insulin resistance in mice (20) . In light of such versatile findings, further studies are needed to clearly delineate chronic effects of rapamycin on glucose metabolism in vivo.
Third, in the present study, total plasma amino acid concentrations observed during amino acid infusion are ϳ40% higher than those seen after ingestion of a large-size (50 g) protein meal (48) . Furthermore, plasma amino acid concentrations were maintained at this elevated level throughout the infusion. Thus, it cannot be ruled out that stimulation of the mTOR/S6K pathway might have been attenuated when a shorter and somewhat lower increase in plasma amino acid concentrations would have been present.
Fourth, epidemiological studies showing that a chronic excess in protein intake is associated with insulin resistance, glucose intolerance, and type 2 diabetes (9 -12) suggest that various states of insulin resistance might be associated with a chronic activation of the mTOR/S6K pathway. However, in the present study, this pathway was acutely activated by short-term elevation of plasma insulin and amino acid concentrations in healthy insulin-sensitive subjects. Therefore, it cannot be excluded that insulin resistance associated with a more chronic activation of the mTOR/S6K pathway does not quickly respond to mTOR inhibition.
In summary, we show that the activity state of the mTOR pathway can modulate insulin sensitivity in humans. Our results suggest that the mTOR/S6K pathway could have an important role in insulin desensitization under nutrient abundance and, therefore, could be a target in the pharmacological prevention and treatment of nutrient-induced insulin resistance.
